Purpose: N3 gastric cancer (GC) is characterized by a heavy burden of lymph node metastasis and a high postoperative recurrence rate. The role of radiotherapy in this group of patients remains undetermined. The purpose of this study was to compare the effectiveness of adjuvant chemoradiotherapy (CRT) and adjuvant chemotherapy (ChT) for N3 GC after D2/R0 resection. Patients and methods: From January 2004 to December 2015, patients with N3 GC in the database of Fudan University Shanghai Cancer Center were retrospectively reviewed. The eligible patients were enrolled in an adjuvant CRT group and an adjuvant ChT group. Four different methods based on a propensity score model were used to balance the baseline characteristics. Then, survival analyses between the two groups were performed in addition to patterns of recurrence and subgroup analyses. Results: In total, 175 and 365 eligible patients were enrolled into the CRT and ChT groups, respectively. After balancing, the disease-free survival (DFS) of patients in the CRT group was significantly better than that of patients in the ChT group (p=0.021). Subgroup analyses showed that patients with N3a GC benefitted from adjuvant CRT. Conclusion: Compared with adjuvant ChT, adjuvant CRT can further improve the DFS of patients with N3 GC after D2/R0 resection. Patients with lymph node metastases should be further stratified when selecting patients for adjuvant CRT. Keywords: stomach neoplasms, gastrectomy, chemoradiation, propensity score, survival analysis
Introduction
The incidence of gastric cancer (GC) has been generally declining for decades, but it is still the sixth most common cancer and the fourth most frequent cause of cancer-related death worldwide. 1 The recently updated epidemiologic data in China show that 70.8% of cases of GC are locally advanced GC (LAGC). Therefore, how to appropriately treat these patients and improve their survival is a serious challenge for Chinese doctors and researchers.
There are now three available treatment strategies for LAGC including D2 surgery plus adjuvant chemotherapy (ChT), adjuvant chemoradiotherapy (CRT) and perioperative ChT. However, patients with N3 GC, particularly N3b GC, which is characterized by a heavy burden of lymph node (LN) metastasis and high postoperative recurrence rate, 2 are not often included in clinical studies. Thus, the optimal treatment strategy for these patients remains undetermined. In addition, the role of adjuvant CRT for LAGC after D2/ R0 surgery remains to be clarified. The subgroup analysis in the ARTIST trial indicated that GC patients with LN metastasis (pN+) could benefit from adjuvant CRT after D2/R0 resection. 3 However, patients with N3 GC accounted for no more than 30% of the total population in this study. The positive results of this analysis can likely be ascribed to the patients with N1-2 GC included in this subgroup. There are several relevant retrospective studies that have yielded inconsistent results. A study conducted by Kilic et al 4 . focused on patients with more than 16 LN metastases and found that compared with adjuvant ChT, adjuvant CRT did not yield further survival benefits. The subgroup analysis in the study at our center suggested the ineffectiveness of adjuvant CRT for patients with N3 GC. 5 However, the subgroup analysis in another study conducted by Peng et al. indicated that patients with stage IIIC disease (including stage T4aN3, T4bN2 and T4bN3 disease) in the CRT group had significantly longer diseasefree survival (DFS) and overall survival (OS) than those in the ChT group. 6 Thus, at present, there is a lack of randomized controlled trials (RCTs) that have evaluated if the addition of radiotherapy to adjuvant ChT can further benefit patients with N3 GC. In addition, the findings of several retrospective studies are inconsistent. The purpose of this study was to compare the effectiveness of adjuvant CRT and adjuvant ChT for N3 GC after D2/R0 resection to provide more evidence for treatment strategies for patients with N3 GC.
Materials and methods Patients
All the consecutive patients who met the following inclusion criteria were first identified from the database: (1) D2/ R0 gastrectomy performed between January 1st, 2004 and December 31st, 2015; (2) histologically confirmed adenocarcinoma of the stomach or gastroesophageal junction (GEJ); and (3) pathological confirmation of ≥7 metastatic LNs (pTanyN3 according to the 7th edition of the AJCC staging system).
The following patients were excluded: (1) patients who received single-agent ChT; (2) patients who received neoadjuvant ChT or CRT for a primary tumor; (3) patients who did not have detailed records of ChT; (4) patients who died within 30 days of surgery; (5) patients who were lost to follow-up immediately after discharge from the hospital; (6) patients who had peritoneal or distant metastases (stage IV disease) at the time of surgery; (7) patients who had R1 resection, which was defined as positive peritoneal cytology (CY1) or microscopically positive resection margins; (8) patients who had R2 resection, which was defined as gross residual tumors left behind after surgery; (9) patients with other pathological types of GC, such as squamous cell carcinoma or neuroendocrine tumors (NETs); (10) patients who underwent surgery due to gastric stump carcinoma; (11) patients who had double primary malignancies; (12) patients who were missing important clinicopathological data due to incomplete medical records; and (13) patients in the CRT group who did not finish the planned radiotherapy (RT).
Treatment delivery
Radiotherapy was given with 6 MV photons using either 3-dimensional CRT or intensity-modulated radiation therapy (IMRT). Patients were treated with 25-28 fractions of 1.8 Gy for a total dose of 45-50.4 Gy (5 fractions/week). The clinical target volume (CTV) encompassed the preoperative tumor extension, tumor bed, anastomosis site, and regional draining LNs. The planning target volume (PTV) margin was 0.5-1.0 cm considering the individual uncertainties. The remnant stomach has not been routinely included within the radiation field since 2008 due to the results of a study from Korea. The patients in the CRT group received one or two courses of adjuvant ChT followed by CRT and four to five additional subsequent courses of ChT. The patients in the ChT group received six to eight courses of ChT. The ChT regimens mostly consisted of combination therapies involving 5-fluorouracil (5-FU) or oral fluorouracil derivatives as the backbone with the addition of oxaliplatin, epirubicin or taxanes.
Follow-up
After completion of primary treatment, patients were followed up every 3 months for the first 2 years, then every 6 months until the fifth year, and yearly thereafter. Follow-up examinations included a complete history and physical examination, measurement of serum tumor markers, CT scans of the chest, abdomen and pelvis each time and endoscopy each year. Disease recurrence was documented by biopsy or cytology reports or by clinical evidence on radiographic studies. Toxicities were assessed using the Common Terminology Criteria for Adverse Events (CTCAE) 4.0.
Definition of recurrence
Recurrences were categorized as local recurrence (LR), regional recurrence (RR), peritoneal metastasis (PM) or distant metastasis (DM). LR was defined as any relapse at the site of anastomosis, remnant stomach, duodenal stump or tumor bed. RR was defined as recurrence involving the regional LNs within the RT field or hypothetical RT field of patients in the ChT group. Recurrence inside the peritoneal cavity was considered PM and included carcinomatosis of the colorectum, ovaries, peritoneum, and ureters. DM was considered metastases involving the intraabdominal organs (liver, adrenal gland, etc.) or extraabdominal organs (lung, bone, brain, etc.) and LNs (Virchow's node, etc.). 
Predictor variables

Statistical analysis
The primary objective of this study was to compare the DFS between the two groups. The secondary objective was to compare the OS and determine the effectiveness of adjuvant CRT in clinically relevant patient subsets. DFS was calculated from surgery until the first locoregional, distant or peritoneal recurrence (event) or the day of last follow-up without recurrence (censored). OS was calculated from surgery until death of any cause (event) or last follow-up contact (censored). Locoregional recurrence-free survival (LRRFS) was calculated from surgery until locoregional recurrence (LRR) (event) or the day of last follow-up without LRR (censored). Distant metastasisfree survival (DMFS) was calculated from surgery until DM/PM (event) or the day of last follow-up without DM/ PM (censored). Survival was estimated by using the Kaplan-Meier method and compared with the log-rank test. All statistical analyses were performed using R software (version 3.5.0; R Project for Statistical Computing, Vienna, Austria).
Propensity score estimation
To evaluate differences in the baseline characteristics between groups, propensity scores were estimated with a multivariable logistic regression model in which treatment assignment was regressed on the clinicopathological variables outlined in the "Predictor variables" section. These covariates were included in the propensity score model because there was consensus that they were clinically important predictors of either treatment assignment or survival.
Survival modeling and propensity score application
A Cox proportional hazards model was used to compare the DFS and OS in patients treated with adjuvant CRT or ChT. To ensure balance between both groups in variables prognostic of survival and to consolidate the strength of our findings, we calculated HRs using four different methods. (1) Stratification of the propensity score was performed by classifying patients into quintiles by their propensity scores. (2) Matching was performed by matching patients in the adjuvant ChT and CRT groups by propensity scores using variable optimal matching with a caliper of 0.1 and a ratio of 1 for the ChT and CRT groups. (3) Inverse probability of treatment weighting (IPTW) was calculated by the inverse of the propensity score of the treatment received. (4) Adjustment of the propensity score was performed by including it as a continuous covariate in the Cox regression model.
Balance diagnostics
Various graphical techniques were used to visually assess the degree of balance between treatment groups achieved with the matching approaches. These techniques included a comparison of histograms and jitter graphs depicting preand post-matched propensity score distributions in each treatment group (Figures S1 and S2). Standardized mean differences were computed for all the covariates in the preand post-matched samples (Table S1 ). A standardized mean difference greater than 0.1 indicated an imbalance that required further investigation.
Sensitivity analysis
Data regarding performance status, a factor associated with the choice of postoperative treatment and survival, cannot be obtained due to the retrospective nature of this study. Therefore, we conducted a sensitivity analysis with the R package "obsSens" using the approach described by Lin et al 9 . to investigate the potential effects of performance status on our results. We defined an Eastern Cooperative Oncology Group (ECOG) performance status of more than or equal to 2 as a bad performance status. Then, we varied the prevalence of poor performance status in the CRT and ChT groups, as well as the hazard for DFS, using estimates from prior studies. We assumed that an ECOG performance status of 2 or greater would be associated with an HR of 1.2-2.0. Using these data, we calculated adjusted HRs (with 95% CIs) for the CRT group.
Results
Study population
All the included patients were treated between January 1st, 2004, to December 31st, 2015. A detailed flow diagram of patient inclusion is shown in Figure 1A (ChT group) and Figure 1B (CRT group). There were 1787 patients identified who had undergone resection for pN3 GC at Fudan University Shanghai Cancer Center (FUSCC). We then randomly selected 800 patients to further collect their detailed clinicopathological parameters. Random selection was performed with the function "sample" in the R package "base".
Patient characteristics
The pre-matched clinicopathological characteristics are summarized in Table 1 . Patients who received adjuvant CRT were younger than those who did not. Matching by propensity scores achieved adequate balance between the adjuvant CRT and ChT groups for all covariates (Table S1 , Figures S1 and S2).
Treatment delivery and safety
Patients in the CRT group received a median radiation dose of 45 Gy (range 45.0-50.4 Gy). Details of ChT regimens are summarized in Table S2 . In the CRT and ChT groups, 52.6% and 49.9% of patients, respectively, completed the entire treatment regimen as planned (p=0.619). The most common grade III-IV toxicities were leucopoenia/granulocytopoenia, accounting for 31.4% and 24.2% in the CRT and ChT groups, respectively. No treatmentrelated death occurred. Details of the toxicities are listed in Table 2 .
Survival and subgroup analyses
The median follow-up for patients in the ChT group was 38 months versus 32.4 months for those in the CRT group. The addition of RT proved to be an independent prognostic factor for DFS in the multivariate analysis of the pre-matched samples (Table S3) . Additionally, sex, histology, differentiation, invasion depth, nodal status, ChT courses and regimens were identified as independent prognostic factors for DFS in the Cox proportional hazard regression model selected by the Akaike Information Criterion (AIC) ( Table S3) .
The four different methods of propensity score analyses including adjustment, stratification, IPTW and matching yielded similar results (Table 3 ). In the postmatched samples, the median DFS and OS were 21.3 and 32.6 months, respectively, in the ChT group versus 23.7 and 32.9 months, respectively, in the CRT group. The 3-year DFS was 32.1% in the ChT group versus 43.4% in the CRT group (p=0.021). The 3-year OS was 45.9% in the ChT group versus 48.2% in the CRT group (p=0.159) ( Table 3) . Figure 2A DFS and OS in the ChT and CRT groups in the postmatched dataset.
The subgroup analyses showed heterogeneity in the HRs of subgroups defined by sex, age, tumor location, differentiation, invasion depth and nodal status. However, an interaction between treatment and the subgroup of interest remained in only the subgroups defined by sex and age ( Figure S3 ).
Patterns of recurrence
The patterns of recurrence were analyzed based on the post-matched samples. During the follow-up period, 117 and 103 patients developed recurrence in the ChT and CRT groups, respectively; of these, 18 and 20 patients in the ChT and CRT groups, respectively, could not be further classified because the sites of recurrence were unspecified, leaving 99 and 83 patients in the ChT and CRT groups, respectively, with specified recurrences for further analysis. The patterns of total recurrence are summarized in Table 4 . There were more patients with isolated LRR in the ChT group than in the CRT group. With regard to the sites of recurrence, total RR was significantly decreased in the CRT group. The LRRFS in the CRT group was significantly better than that in the ChT group, but the DMFS was not different between the two groups ( Figure 2C and D).
Sensitivity analysis
Sensitivity analyses including patients who were initially excluded from the analysis because either their lymphadenectomy was less than D2 or they were unfit for ChT did not alter the results (Table S4) Assuming an HR of 1.2, the advantage of adjuvant CRT was relatively robust to the effects of poor performance status ( Figure S4 ). However, when assuming an HR between 1.6 and 2.0, the advantage of adjuvant CRT remained only if the percentages of patients with poor performance were equal between the two groups.
Discussion
Although the risk of LRR is approximately 32.4% for patients with N3 GC, it is possible that patients with high nodal burdens, such as those with N3 disease, may not benefit from radiotherapy owing to early peritoneal or systemic failure and death. 10 The current study has demonstrated that the addition of RT to adjuvant ChT can significantly improve DFS in this group of patients. These survival results remained consistent and stable in the multivariate analysis and with the four different methods based on propensity score analyses. In addition, the current study has a relatively large sample size among retrospective studies.
The possible reasons for improved DFS but not OS can be explained by the patterns of recurrence. Compared with adjuvant ChT, CRT significantly reduced the risks of LRR; however, the unimproved DMFS might have offset the LRRFS benefits from CRT. This view is also supported by several meta-analyses. [11] [12] [13] Moreover, the palliative treatment after recurrence that these patients received may have influenced OS. The results of the subgroup analyses indicated that several clinicopathological factors can be used to determine which patients will benefit from CRT. The finding that patients with well to moderately differentiated tumors benefitted more from CRT is partially consistent with the results of the ARTIST trial, which used Lauren's classification to define subgroups.
14 Another implication is that patients with N3a, but not N3b, could benefit from CRT. N3 was subclassified into N3a and N3b in the 7th edition of the AJCC staging system, but the two subclassifications do not differ with regard to the final pathologic TNM stage. However, several studies have demonstrated that the two N3 subclassifications (N3a vs N3b) have significantly different survival profiles. [15] [16] [17] [18] [19] Thus, finally, the N3 subclassification has been incorporated into the final staging stratification in the 8th edition of the AJCC staging system. The current results are consistent with those of previous studies. However, can patients with N3b GC be further divided? The optimal cutoff value for the number of positive LNs remains to be investigated. The appropriate number of courses of ChT has not been determined yet. In this study, we used the number of cycles used in the ARTIST trial to dichotomize the number of courses as a variable and found that an incomplete ChT course was an independent poor prognostic factor. This finding was consistent with the results of a previous study 20 showing that receiving insufficient courses of ChT is associated with a poor prognosis. The optimal regimen for adjuvant ChT is also undetermined. The subgroup analyses of the ACTS-GC trial showed that the survival benefit associated with S1 treatment was limited to patients with N0-1 disease, 21 and a single cytotoxic agent for patients with N2-3 GC is not enough. Thus, we excluded patients who received only single-agent ChT. Moreover, the selection between doubleand triple-drug regimens is under debate. Both XELOX and ECF/capecitabine (ECX) have been proven to be effective in phase III clinical trials. However, ECF/ECX, which was established as a standard regimen in the MAGIC trial, has been questioned due to its poor performance, which is no better than that of single-agent ChT. 22 Coincidentally, the triple-drug regimens used in the current study, which were mostly EOF/EOX, were identified as an independent prognostic factor for poor DFS. Recently, a new standard regimen has been established for perioperative ChT in a phase II/III clinical trial conducted in Germany; this new regimen, 5-FU + leucovorin + oxaliplatin + docetaxel (FLOT), has rather good efficacy and acceptable safety. 23 ,24 Although, FLOT shows promise, the efficacy and safety of FLOT for Asian patients needs further validation. As previously mentioned, the best treatment strategy for patients with N3 GC is controversial. Due to severe LN metastasis, they may be evaluated as having potentially resectable disease in practice, but surgery is high risk for these patients. Even if R0 resection is achieved, the risk of postoperative recurrence is high, and long-term survival is poor. Additionally, the completion rate of postoperative treatment was poor in our study. Nearly half of the patients in each group did not complete the planned adjuvant therapy. The same situation has also occurred in other studies, such as the CRITICS and MAGIC trials. Compared with adjuvant therapy, neoadjuvant therapy has several advantages. This treatment modality can downstage tumor and increase the rate of R0 resection. Additionally, patients tolerate neoadjuvant therapy better than adjuvant therapy. Thus, perhaps more studies should emphasize the application of neoadjuvant therapy for N3 GC patients.
There are limitations to our study. First, as a retrospective study, different regimens of adjuvant ChT were used, and nearly half of the patients in the CRT group underwent surgery in other hospitals and received adjuvant CRT at our center. The heterogeneity of the treatments could affect the quality of this study. Second, Lauren's typing has been shown to be a significant prognostic factor. However, it was not included in the study due to data missing. In addition, the baseline histology was not very informative due to the two versions of WHO classification adopted in the population. Thus, the category of adenocarcinoma actually included adenocarcinoma (8140/3) and mixed adenocarcinoma (8255/3). However, this information insufficiency could be complemented by information concerning the tumor differentiation. Third, we applied a 1:1 ratio to conduct the propensity score matching. Thus, the sample was, to some extent, wasted, but the matching was more accurate. As the subgroup analyses were performed based on the postmatched dataset, interpretation should be cautious, as the sample size was not large enough. Fourth, as the cases in this study were retrieved over a long time period (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , the ChT regimens changed over time. Thus, the course and regimen of ChT were also included into the propensity score analyses, although they are not, strictly speaking, baseline characteristics. Therefore, the regimens of ChT (double vs triple) between the two groups were balanced.
Conclusion
In summary, in this retrospective study, compared with adjuvant ChT, adjuvant CRT was associated with improved DFS in patients with N3 GC after D2/R0 resection. Patients with lymph node metastases should be further stratified when selecting patients for adjuvant CRT.
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